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I n t r o d u c t i o n  
I n  t h e  previous  r e p o r t s  we have o u t l i n e d  our  b a s i c  s t u d i e s  of Josephson 
j u n c t i o n  formation by t h e  chemisorpt ion of o rgan ic  molecules  and the des ign  
of s p e c i a l i z e d  equipment t o  f a b r i c a t e  t h e  monolayer and Josephson 
junc t ions .  During t h e  p a s t  s i x  month pe r iod ,  we have experimented w i t h  
Josephson junc t ion  . formation w i t h  p a r t i a l  success .  However, we have 'become 
i n c r e a s i n g l y  aware t h a t  we must f u l l y  understand t h e  chemisorpt ion process  
b e f o r e  a complete monolayer can  b e  s u c c e s s f u l l y  achieved.  Therefore ,  w e  
are p r e s e n t l y  p l ac ing  t h e  major emphasis of our  r e s e a r c h  on t h e  s tudy  
of chemisorpt ion and i n  p a r t i c u l a r ,  t h e  chemisorpt ion of o rgan ic s  on the 
Pb s u r f a c e .  Three methods a r e  p r e s e n t l y  being used: 
1. Carbon-14 l abe l ed  o rgan ic s  
2. D i f f e r e n t i a l  volume experiments on Pb powders 
3 .  Computer s imu la t ion  
I n  a d d i t i o n  w e  a r e  ana lyz ing  t h e  e f f e c t s  of s h o r t s  and geometry o n  
t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  of Josephson junc t ions .  D e t a i l s  of each of 
t h e s e  a r e  g iven  i n  t h e  fo l lowing  s e c t i o n s .  
Those c o n t r i b u t i n g  t o  t h e  r e s e a r c h  dur ing  t h i s  r e p o r t  per iod  are: 
D r .  Ca r l  Wilmsen - Assoc ia t e  P ro fe s so r ,  E l e c t r i c a l  
Engineering 
D r .  J e r r y  Robertson - A s s i s t a n t  P ro fe s so r ,  E l e c t r i c a l  
Engineering 
M r .  Don Stuehm - Research A s s i s t a n t ,  E l e c t r i c a l  
Engineering 
M r .  Paul  Hammer - Lab A s s i s t a n t ,  Chemistry 
M r .  E r i c  Osterholm - Lab A s s i s t a n t ,  Chemistry 
M r .  Dave Whittman - Research A s s i s t a n t ,  E l e c t r i c a l  
Engineering 
11. Josephson Junc t ion  Formation Experknents -- 
Numerous a t t empt s  have been made t c :  form a Josephson j u n c t i o n  with 
an o rgan ic  monolayer on Pb. Three d i f f e r e n t  types  of o rgan ic s  were used 
(Table I). Current-vol tage measurements were made a t  room, l i q u i d  nitrogen 
and l i q u i d  helium temperatures .  The r e s u l t s  v a r i e d  from no i n d i c a t i o n  of a 
monolayer t o  p a r t i a l  coverage of t h e  Pb w i t h  a n  organic .  
The b a s i c  problems and approaches t o  monolayer formation were outlined 
i n  a  paper  presented  a t  t h e  March meeting of t h e  American Phys i ca l  Society* 
This  paper  i s  inc luded  a s  Appendix I. The fo l lowing  o u t l i n e s  the formation 
experiments and t h e i r  r e s u l t s . .  A l l  t h e  o rgan ic s  a r e  in t roduced  into the 
vacuum a s  a  double molecule which i s  a t t a h c e d  a t  t h e i r  r e a c t i v e  ends (dimer) ,  
These a r e  then  broken up i n t o  two r e a c t i v e  modecules. 
The f i r s t  a t tempt  a t  Eorming a Josephson j u n c t i o n  s i n c e  t h e  last report 
was made us ing  actoxy f o r  t h e  monolayer, t h e  dimer w a s  broken up by passing 
- 4. t h i s  Organic through a 250°C sc reen .  The d e p o s i t i o n  was f o r  10 Torr seconds. 
Tes t ing  of t h e  s i x  j unc t ions  a t  room and l i q u i d  n i t r o g e n  temperatures  
i n d i c a t e d  no b a r r i e r  w a s  p re sen t .  An a n a l y s i s  of the o rgan ic  i n d i c a t e d  
t h a t  t h e  l i f e  t ime of t h e  monomer was too  s h o r t  f o r  i t  t o  reach  and absorb 
onto  t h e  l e a d  s u r f a c e ,  un le s s  t h e  dimer i s  broken up a t  t h e  Pb s u r f a c e .  
Organic I1 was t h e  nex t  used. It has  a  14 carbon cha in  and s h o u l d  
0 
y i e l d  an  i n s u l a t o r  t h i ckness  of 16A. The dimer was broken up us ing  a 
- 4 120°C s u b s t r a t e  temperature.  This  o rgan ic  w a s  leaked i n  f o r  10 Torr secends, 
Tes t ing  of t h e  s i x  j unc t ions  a t  room and l i q u i d  n i t r o g e n  temperatures  i nd ica t ed  
t h a t  no b a r r i e r  was . p r e s e n t .  
The nex t  s e t  of j unc t ions  made w i t h  Organic I1 t h a t  was introduced f o r  








CH - C H  - - -  CH, 3 P 
We wanted t o  make s u r e  t h a t  t h e  previous  t e s t s  t o  determine i f  a b a r r l e s  
was p r e s e n t  were v a l i d .  The room,l iquid n i t r o g e n  and l i q u i d  hel-ium 
temperature t e s t s  a l l  i n d i c a t e d  t h a t  no b a r r i e r  was p r e s e n t .  Tlie 3.iqaiid 
n i t r o g e n  t e s t s  were d iscont inued  because they  des t roy  some of t h e  j u n c t i o n s ,  
The 180°C s u b s t r a t e  of t h e  previous  experiment was c l o s e  t o  the 
d e s t r u c t i o n  p o i n t  of t h e  o rgan ic ,  The nex t  s e t  of j unc t ions  were b u i l t  
u s ing  a 2 5 ' ~  s u b s t r a t e  and Organic II was broken up by pass ing  i t  through 
a 100°C s c r e e n  f o r  0 .6  x Torr  seconds f e d  through a 25OC sc reen  for 
.6 x Torr  seconds. The l i q u i d  helium t e s t s  showed t h a t  a weak linii 01- 
excess ive  c u r r e n t  dev ice  e x i s t e d .  The maximum c u r r e n t  was i n s e n s i t i v e  
t o  magnetic f i e l d s  s i m i l a r  t o  a Josephson j u n c t i o n  w i t h  s h o r t s .  The 
conclus ion  f o r  t h i s  j unc t ion  was t h a t  t h e  o rgan ic  d i d  no t  cover t h e  PI?; 
s d r f a c e s  100%. 
We nex t  a t tempted t o  i n c r e a s e  t h e  s u r f a c e  concen t r a t ion  of t h e  
o rgan ic .  The s u b s t r a t e  was hea ted  t o  100°C t o  b reak  up Organic 11 c l o s e r  
t o  t h e  l e a d  s u r f a c e  b u t  s t i l l  no t  d e s t r o y  t h e  l e a d  f i l m  and t h e  organic, 
The o rgan ic  exposure t ime was increased  t o  0.36 Torr  seconds f o r  increased 
s u r f a c e  concen t r a t ion .  The l i q u i d  helium t e s t s  i n d i c a t e d  t h a t  on ly  a 
s h o r t  e x i s t e d  and no b a r r i e r  was p re sen t .  The hea ted  s u b s t r a t e  does  not  
appear t o  be  a n  accep tab le  method of breaking up t h e  dimer.  
Next Organic I11 was used because of i t s  more d e s i r a b l e  properties, 
The R-0-0-R was broken up by pass ing  i t  through a 150°C sc reen  f o r  
1.8 x Torr  seconds. The l i q u i d  helium t e s t s  showed a weak l i n k  
dev ice  i n d i c a t i n g  p a r t i a l  coverage. 
I n  summary, t h e  I1 and 111 organ ic s  p a r t i a l l y  covered t h e  lead 
as i n d i c a t e d  by t e s t i n g  t h e  dev ices  a t  LHe and observ ing  a  weak l i n k  o r  
excess  c u r r e n t  c h a r a c t e r i s t i c .  The o rgan ic  d e p o s i t i o n  parameters  ( t ime,  
p r e s s u r e ,  temperature)  were v a r i e d  t o  i n s u r e  t h a t  (1)  The dimer w a s  
breaking up i n t o  a  monomer and (2)  The o rgan ic  concen t r a t ion  a t  t h e  lead 
s u r f a c e  was s u f f i c i e n t  f o r  t o t a l  coverage. 
We conclude from those  experiments t h a t  t h e  o rgan ic s  used are absorbicg 
onto  t h e  l e a d .  T o t a l  coverage has  n o t  been achieved.  P r e s e n t l y  w e  a r e  
conducting t e s t s  w i th  r a d i o a c t i v e  o rgan ic s  t o  de te rmine  what depos i t i on  
parameters  a r e  needed f o r  100% coverage of t h e  l e a d  s u r f a c e .  
111. Chemisorp t i o n  
A s  p rev ious ly  s t a t e d ,  i t  now appears  t h a t  we must know much more abou t  
chemisorpt ion of o rgan ic s  i n  o rde r  t b a t  t h e  monolayer b e  s u c c e s s f u l ~ y  
formed. We must determine t h e  b e s t  method of breaking up t h e  dimers ,  
, 
ways.of  ob ta in ing  a complete monolayer coverage of t h e  Pb and 
t h e  bonding energy of t h e  organic  on t h e  Pb s u r f a c e .  To o b t a i n  t h i s  
in format ion  we a r e  us ing  a  r a d i o a c t i v e  carbon-14 method, a  s tandard  
volumetr ic  technique and computer s imu la t ions .  There i s  some over lap  of 
t h e s e  techniques  b u t  each has a p a r t i c u l a r  purpose i n  our  r e s e a r c h ,  
A. Carbon-14 Technique 
Th i s  technique  i s  r e l a t i v e l y  s t r a i g h t  forward. The Pb i s  vacuum 
depos i t ed  and t h e  o rgan ic  in t roduced .  One carbon of t h e  organic  i s  
r a d i o a c t i v e ;  g iv ing  o f f  a  0.14 eV e l e c t r o n .  Af t e r  expos.ing t h e  Pb i n  
t h e  d e s i r e d  manner, t h e  system i s  opened and t h e  Pb sample removed and 
placed i n  a  coun te r .  The background count  i s  sub t r a t ed  from the  t o t a l  
count  and compared w i t h  t h e  count expected from a monolayer. The i n i t i a l  
experiments show only  a  10-25% coverage. Th i s  method i s  relatively s j ~ m p l e  
and dependable and t h e s e  experiments a r e  cont inuing  us ing  more optirnum 
c o n d i t i o n s  f o r  abso rp t ion .  
B. Volumetric Technique 
, With t h e  volumetr ic  technique,  one s t a r t s  w i t h  a  known volun~e of t h e  
gas  a t  t h e  some p re s su re .  The volume con ta in ing  t h e  absorbing sampie  i s  a l s o  
known a long  wi th  t h e  s u r f a c e  a r e a  of t h e  sample. The sample volume i s  
evacuated t o  a  p r e s s u r e  a t  l e a s t  1 /10  t h a t  of t h e  v e s s e l  conta in tng  the 
gas.  The v a l v e  between t h e  two volumes i s  then  opened and t h e  pressure 
recorded.  I f  t h e  gas  does no t  absorb then  t h e  p r e s s u r e  w i l l  reduce t o  a 
v a l u e  determined by t h e  two volumes. However, i f  t h e  gas  does absorb 
then  t h e  p r e s s u r e  w i l l  be  reduced f u r t h e r  due t o  gases  s t i c k i n g  t o  t h e  
s u r f  ace.. 
Th i s  method r e q u i r e s  s k i l l  and p a t i e n c e  b u t  i t  does y i e l d  informat ion  
on dimer break  up and r a t e s  of abso rp t ion .  Our system i s  ope ra t ing  b u t  no 
r e s u l t s  have been obta ined  t o  d a t e .  
C. Computer S imula t ion  
W e  con t inue  t o  u s e  a  quantum mechanical computer s imu la t ion  of chemisorpt ion 
i n  o rde r  t o  s tudy  t h e  abso rp t ion  of o rgan ic s .  The r e s u l t s  have appeared quite 
good b u t  we have f e l t  t h a t  s i n c e  t h i s  technique  had not  been p rev ious ly  
app l i ed  t o  chemisorpt ion,  we should t e s t  t h e  method on a  known system. We 
chose t h e  carbon monoxide - n i c k e l  system. The computer r e s u l t s  f f t  t h e  
experiment q u i t e  c1oseI.y and w i l l  appear i n  t h e  J o u r n a l  of Vacuum Science 
and Technology. This  paper i s  g iven  i n  Appendix 11. 
I V .  Analys is  of Josephson Junc t ions  
The Josephson equat ion  , J = J s i n e  , d e s c r i b e s  t h e  current: density 1 
between two superconductors  s epa ra t ed  by a  t h i n  i n s u l a t o r .  J , which i s  
r e l a t e d  t o  t h e  Josephson p e n e t r a t i o n  depth  (AJ), has  been assumed t o  be 
c o n s t a n t  i n  prev ious  a n a l y s i s  of t h e  junc t ion .  A more r e a l i s t i c  approach 
would be  t o . a s s u m e ' t h a t  t h e  b a r r i e i  i s  uneven and hence J ,  would vary with 
p o s i t i o n .  The l i m i t i n g  c a s e s  would be  (1)  J = 0 (an open i n  t h e  b a r r i e r ) ,  1 
and (2) a s h o r t  a c r o s s  t h e  b a r r i e r .  These a r e  of s p e c i a l  i n t e r e s t  t o  u s ,  
s i n c e  t h e  monolayers a r e  not  complete.  Th i s  g i v e s  r i s e  t o  s h o r t s  and 
opens. Therefore ,  we a r e  p r e s e n t l y  so lv ing  t h e  Josephson equat ion  f o r  
t h e  c a s e s  w i t h  t h e  a i d  of a  d i g i t a l  computer. The e f f e c t s  of magnetic 
f i e l d s  a r e  a l s o  i n v e s t i g a t e d .  
The c a s e  of a n  open i n  t h e  b a r r i e r  i s  of s i g n i f i c a n c e  i n  analyzing 
and des igning  Quantum I n t e r f c r e n c e  Devices (two Josephson junc t ions  i n  
p a r a l l e l ) .  Our r e s u l t s  a r e  i n  e x c e l l e n t  agreement wi th  experiment and 
much b e t t e r  than  previous  t h e o r e t i c a l  work. A paper p re sen t ing  t h i s  
a n a l y s i s  i s  p r e s e n t l y  being prepared.  
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A t  t h e  p re sen t  time Josephson j u n c t i o n s  a r e  formed by oxiclaCion of  
t h e  base  metal .  While t h i s  has  produced u s e f u l  j u n c t i o n s ,  one has l i t t l e  
c o n t r o l  of t he  i n s u l a t o r  t h i ckness  which can only be  assumed b u t  not 
measured. I n  a d d i t i o n  t h e  oxygen c sn  d i f f u s e  i n t o  t h e  me ta l  e l e c t r o d e s  
which i s  t h e  p r i n c i p l e  cause of j unc t ion  aging.  
Today, I w i l l  p r e s e n t  a d i f f e r e n t  technique  of folming t h c  t h i n  insulaior, 
B a s i c a l l y ,  t h e  technique  c o n s i s t s  of  f i r s t  d e p o s i t i n g  a superconduct ing 
me ta l  i n  an  URV, i n t r o d u c i n g  a  vapor of l a r g e  o rgan ic  molecules i n t o  ~ i l e  
vacuum, all-owing t h e  o rgan ic  t o  chemisorb on t h e  meta l  t o  form tile insrrlatoi-. 
A t o p  me ta l  i s  then  depos i t ed  on t h e  o rgan ic  l a y e r  t o  cor 'plete the ju~zction,~ 
Conventional  vapor d e p o s i t i o n  would r e s u l t  i n  a  t h i c k  laye.: which -i:ould b e  
0 
i r r e g u l a r  and ha rd  t o  c o n t r o l  f o r  t he  1-0-20A range r equ i r ed  f o r  tunneling, 
For t h i s  reason we use  a  carbon cha in  te rmina ted  on one end w i t h  a non- 
r e a c t i v e  CH and t h e  o t h e r  end te rmina ted  by a  r e a c t i v e  r a d i c a l *  The 3 
r e a c t i v e  end chemisorbs on t h e  meta l  w i th  a  bond s t r e n g t h  of t h e  o r d e r  of 
10-100 kcal /mole wh i l e  t h e  non-reac t ive  end only  p h y s i c a l l y  adsorbs  x i t h  
an energy of  about  2-4 kcal/mole. The r e a c t i o n  of t h e  second l a y e r  on the 
f i r s t  i s  aga in  a weak bond and t h e r e f o r e  only  a  monolayer b u i l d s  up. T h i s  
is  as su red  by main ta in ing  the  s u b s t r a t e  a t  an e l e v a t e d  teinperature which 
d r i v e s  o f f  t h e  p h y s i c a l l y  adsorbed molecules .  
The advantages 01 such an i n s u l a t o r  a r e  obvious. 
a) The l a r g e  mol.eculcs do n o t  d i f f u s e  i n t o  t11e n ~ t  n l  l:ly33- ~ C I I C C  
p r even t ing  ag ing .  
b) The th i ckness  of t he  i n s u l a t o r  i s  known, t h e  1en;:Lh 01 the 
molecule s t and ing  on t h e  meta l .  
c )  The t h i c k n e s s  can be  e a s i l y  v a r i e d  by changing llli cliajxl 
l eng th  - one can then  exper imenta l ly  s t udy  the cot pli :-g enerLy 
- o i  t h e  j u n c t i o n .  
Th i s  technique  of forming the  monolayer from a  vapor  i s  s ~ : ~ i L a r  to
t h e  Langmuir-Blodgect (1-3) method of d ipping  the  s u b s t r a t e  through a nono-- 
l a y e r  f l o a t e d  on water .  The impor tan t  d i f f e r e n c e ,  however, i s  i h a c  tile 
meta l  f i l m  i s  n o t  exposed t o  t h e  atmosphere o r  t h e  wa te r  b a t h .  
I n  o rde r  f o r  t h e  vapor  technique  t o  work p rope r ly ,  t h e  r e a c t i v c  encl o f  
t h e  o rgan ic  molecules  must form a  s t r o n g  chemical bond wi th  t h c  base metal, 
We have chosen t o  work w i t h  Pb which i s  r e l a t i v e l y  i n e r t  t o  m o s t  o rgan ic s ,  
We have c a r r i e d  ou t  Extended Huckel Molecular O r b i t a l  c a l c u l a t i o n s  (4) a d  
found t h a t  i n  o r d e r  t o  chemisorb, t h e  o rgan ic  adso rba t e  must bc oxidative, 
The t h r e e  most promising r a d i c a l s  a r e :  
Binding Energy 
0.4 e V  
where R is  
REACTIVE S I T E  
These part i.!l ly c ~ .  i c l i  ? r  ti12 Pb s u r f a c e .  S i n c e  tfiese arcb r e s c t i v e  t l i i j  a r e  
in t roduced  i n t o  t l ~ e  vacuuril a s  diiilers: 
To form t h e  monomer molecules ,  t h e  bonds i n d i c a t e d  by arrovrs mus t  be  broken, 
This  can be accomplished by h e a t ;  e i t h e r  a t  t h e  s u b s t r a t e  o r  i n  the  vapor 
s t ream approaching t h e  s u b s t r a t e .  I n  t h e  case  of dimer 2 t h e  rnononer deco~~poses  
-9 t o  R f C02 i n  about 1 0  seconds. Therefore ,  t h e  dinier must be  broken d o ~ m  zt 
t h e  ho t  s u b s t r a t e  s u r f a c e ,  s i n c e  t h e  t r a n s i t  t i m e  from a  h o t  f i l amen t  L crn 
-4 
away would be 2'10 seconds.  Th i s  decomposition t o  R 4- CO c r e a t e s  a conpeti- 
C 2 
t i o n  between t h e  adso rp t ion  of t h e  monomer, R t  C 0 2 .  The C02 w i l l  only 
p h y s i c a l l y  adsorb and t h e r e f o r e  does no t  i n t e r f e r e  wi th  the  monolayer formntlon.  
The hydro-carbon cha in ,  R, w i l l  chemisorb, i n  f a c t ,  i t  i s  t h e  same as rnoiloxler 
1, b u t  no t  a s  s t r o n g l y  a s  t h e  a c y l  monomer. Th i s  w i l l  cause an irregular 
0 
s u r f a c e  w i t h  a  v a r i a t i o n  i n  t h i ckness  of 2-3A. Dimers 1 and 3 are mo~:o 
s t a b l e  and can be broken d o ~ m  e i t h e r  a t  t he  s u b s t r a t e  o r  a t  a filament, 
Another c o n s i d e r a t i o n  i s  t h e  vapor p r e s s u r e  of t h e  dimer and t h e  du ra r ion  o f  
s u b s t r a t e  exposure t o  t h e  vapor .  
The vapor  p r e s s u r e  of t h e  dimer has  been found t o  decrease  r a p i d l y  as 
R is inc reased .  Howevcr, adequate  vapor p r e s s u r e  i s  a v a i l a b l e  f o r  I3 up t o  
16. with  R-18 t h e  vapol- p re s su re  j s  lor7 even with heating up to i6!l0C. 
- G Tlic cxposure  must b c  g r e a t e r  t h a n  10  l 'orr  s c c .  i n  orclcr t o  o > l a i r i  a 
mono3.ayer coverage .  l'or a h o t  s u b s t r a t e  t h e  s t i c l i i n g  c o e f f i c i n c t  fox- thi? d-i.iricr, 
which f i r s t  p h y s i c a l l y  a d s o r b s ,  w i l l  b e  lo\?, o f  t h e  o r d e r  .001 t o  .Ole 
-3 T h e r e f o r e ,  t h e  exposure  must be  1 0  t o  T o r r  s e c .  
-6 , I n t r o d u c i n g  t h e  o r g a n i c  v a p o r  a t  a p r e s s u r e  o f  1 0  ~ o r r ,  this recjui.res 
exposure  t imes  o f  100 t o  1000 s e c .  o r  abou t  2 t o  20 m i n u t e s .  
We. have begun t o  e x p e r i m e ~ ~ t  w i t h  t h e s e  t e c h n i q u e s  t o  forni t he  L.,or~olaye:-, 
Tlle major  - probl-e~n j.s o b t a i n i n g  e s p e r i r n e n t a l  j-rrf ori i iat ion on  t h e  adso  . r p l i o n  
It a p p e a r s  b e s t  t o  concluct t h e s e  e x p e r i m e n t s  i n  a s p e c i a l  a p p a r a t u s .  
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ABSTRACT 
The a d s o r p t i o n  of  CO on t h e  n i c k e l  s u r f a c e  h a s  been c a l c u l a t e d  using 
a modif ied extended Huckel technique  f o r  a number of d i f f e r e n t  orientations 
of the CO w i t h  r e s p e c t  t o  t h e  n i c k e l  s u r f a c e .  The c a l c u l a t i o n s  show that 
double s i t e  a d s o r p t i o n  wi th  t h e  CO molecule  normal t o  t h e  s u r f a c e  and " k ~ c  
carbon atom c l o s e s t  t o  t h e  m e t a l  g ives  t h e  most s t a b l e  c o n f i g u r a t i o n  
(2.57eV). The s i n g l e  s i t e  absorbs  w i t h  an energy o f  2.39 e V .  However, 
o t h e r  c o n f i g u r a t i o n s  a l s o  g ive  f a i r l y  l a r g e  bonding e n e r g i e s .  The CO nor- 
m a l  t o  t h e  s u r f a c e  w i t h  oxygen c l o s e s t  t o  t h e  me ta l  g iven  a h e a t  o f  adsorption 
o f  0.37 eV. Two c e n t e r  a d s o r p t i o n  w i t h  t h e  CO a x i s  p a r a l l e l  t o  t h e  surface 
and t h e  molecule  symmetr ica l ly  p l aced  between t h e  n e a r e s t  ne ighbors  gives a 
chemisorp t ion  energy of  1.34 eV.  These v a l u e s  compare w i t h  an  exper imenta l  
v a l u e  of 1 .98  e V .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  when t h e  CO bond i s  
s t r e t c h e d  10% i n  t h e  l a t t e r  c o n f i g u r a t i o n  t h e  t o t a l  energy of  t h e  systen 
dec reases  r a t h e r  t han  i n c r e a s e s .  
---------- 
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1. INTRODUCTION 
The ex tended  Huckel molecular  o r b i t a l  (EDIO) t h e o r y  h a s  r e c e n t l y  
been a p p l i e d  t o  t h e  s t u d y  of chemisorpt ion.  The technique  h a s  g r e a t  
p o t e n t i a l  f o r  c a l c u l a t i o n  of  chemisorp t ion  e n e r g i e s ,  s u r f a c e  m o b i l i t y ,  and 
l o c a l  i n t e r a c t i o n  on t h e  s u r f a c e .  Bowever, c r i t i c i s m s  have been a p p l i e d  to 
t h e  EHMO technique .  The most s e r i o u s  of which i s  t h e  f a i l u r e  t o  take i n t o  
account  s p i n  o r b i t a l s  and t h e  two, t h r e e  and f o u r  cen te red  e l e c t r o n  ree- 
p u l s i o n s .  These same c r i t i c i s m s  were a p p l i e d  t o  t h e  s imple  Huckel technique  
f o r  T-systems and y e t  t h e  Huckel T-e lec t ron  c a l c u l a t i o n s  have been found 
s u r p r i s i n g l y  u s e f u l  t o  t h e  p r a c t i c i n g  o rgan ic  chemist .  For t h e i r  chemisorption 
c a l c u l a t i o n  of  C ,  0 and N o r  g r a p h i t e  Bennet t ,  McCarroll  and ~ e i s s n e r '  
r e p o r t  t h a t  t h e  EFXO method gave p h y s i c a l l y  unreasonable  charge transfers 
between t h e  adso rba t e  and t h e  s u r f a c e  w h i l e  f o r  H t h e  EHMO technique  gave 
3 
encouraging r e s u l t s .  Previc u s l y  .we r e p o r t e d  u s e f u l  r e s u l t s  f o r  o r g a n i c  
1 
molecules  adsorb ing  on a Pb su3-face.  The re fo re ,  w h i l e  t h e  EHMO technique 
h a s  been s u c c e s s f u l l y  used form some chemisorp t ion  c a l c u l a t i o n s ,  t h e r e  s t i l l  
remains doubt about  i t s  a p p l i c a b i l i t y .  The purpose of t h e  p r e s e n t  work i s  
t o  apply  t h e  E m 0  technique  t o  a n  adsorbate-adsorbent  system f o r  which these 
is w e l l  documented expe r imen ta l  da t a .  For  t h i s  reason  we have chosen t o  
i n v e s t i g a t e  t h e  CO on N i  system. 
C a l c u l a t i o n s  were made t o  o b t a i n  q u a l i t a t i v e  in fo rma t ion  on the  p r e f e r r e d  
o r i e n t a t i o n  o f  t h e  CO molecule on t h e  N i  s u r f a c e  and semi -quan t i t a t i ve  
in fo rma t ion  on t h e  r e l a t i v e  b inding  e n e r g i e s  and s u r f a c e  b a r r i e r s  t o  movement* 
In  a d d i t i o n ,  we have c a l c u l a t e d  t h e  r e l a t i v e  energy f o r  t h e  disproport i -ona-  
t i o n  r e a c t i o n  by  t h e  Ridea l  type  mechanism. 4 
f I. ETHOD OF CALCULATION 
W e  have  used a semi-empir ical  one-e lec t ron  molecular  o r b i t a l  technique 
f o r  chemisorp t ion  c a l c u l a t i o n s .  The program was o r i g i n a l l y  w r i t t e n  by 
5b R. I3offmanSa and w e  a r e  u s ing  t h e  v e r s i o n  modif ied by I. C. Cusachs. , 
The c a l c u l a t i o n s  a r e  c a r r i e d  ou t  on a CDC 6400 computer. The i n p u t  parameters  
f o r  t h e  program a r e  t h e  va l ence  s ta te  i o n i z a t i o n  p o t e n t i a l s  and the  orbital 
parameters  f o r  t h e  S l a t e r  t y p e  o r b i t a l s .  
The <loo> s u r f a c e  of  n i c k e l  h a s  been chosen s i n c e  t h i s  s u r f a c e  has  b c e ~  
e x t e n s i v e l y  s t u d i e d .  The s i z e  of  t h e  s u r f a c e  is  somewhat a r b i t r a r y  being 
l i m i t e d  by t h e  d e s i r e  f o r  a r easonab le  s u r f a c e  on t h e  one hand and expensive 
computer t i m e  on t h e  o t h e r .  Within t h e s e  l i m i t a t i o n s  we have chosen an e i g h t  
n i c k e l  s u r f a c e .  This  a l lows  us  t o  have two c e n t r a l  n i c k e l  atoms f o r  ad- 
s o r p t i o n  s i t e s  away from edge e f f e c t s .  For t h e  s u r f a c e  coverage studies the 
edge atoms were used wi thou t  apparent  problems. The s i z e  of  t h e  s u r f a c e  
p l a y s  a v e r y  l i m i t e d  r o l e  on t h e ' r e l a t i v e  energy of c h e m i s o r p t i o n ~  13 Figu re  
1 we show a 15  n i c k e l  atom s u r f a c e  w i t h  a n  adsorbed CO i n  t h e  c e n t e r .  The 
numbers i n d i c a t e  t h e  magnitude of t h e  Lowden charge on each n i c k e l  aton, 
Thi s  i s  compared w i t h  t h e  s i m i l a r  s i t u a t i o n  on t h e  e i g h t  atom s u r f a c e  w e  
used i n  o u r  c a l c u l a t i o n s .  The r a p i d  dec rease  of  t h e  charge w i t h  d i s t a n c e  
from t h e  adso rben t  s i t e  i n d i c a t e s  t h e  l o c a l  n a t u r e  of a d s o r p t i o n  and 
j u s t i f i e s  u s ing  a small s u r f a c e .  
I n  as much as t h i s  molecular  o r b i t a l  t echnique  is  n o t  u s e f u l  for 
B 
determining  bond l e n g t h s  we have chosen t o  u s e  a c o n s i s t e n t  v a l u e  of 1,758 
0 
t h e  Ni -C l e n g t h  and a va lue  of  1.128A f o r  t h e  C-0 bond l e n g t h .  Th i s  distance 
f o r  t h e  X i - C  bond i s  c l o s e  t o  the d i s t s n c e  f o r  maxim-m over lap  population 
f o r  t h i s  bond (naximurn popu la t ion  a t  1.5;) and i s  a  compromise between the bcnd 
d i s t a n c e  of n i c k e l  carbonyl  (1.82;) and t h e  p o s i t i o n  of maximum overlap, 
111. SURFACE ORIENTATION OF ADSORBED CO 
I f  a t h e o r e t i c a l  approach i s  t o  have any va lue  i t  must f i r s t  of a l l  
be a b l e  t o  p r e d i c t  such g ros s  e f f e c t s  a s  t h e  c o r r e c t  o r i e n t a t i o n  of  the CO 
molecule r e l a t i v e  t o  t h e  n i c k e l  s u r f a c e .  An o c t e t  d i a g m .  f o r  C 0  shows that 
each atom i s  s h a r i n g  s i x  e l e c t r o n s  i n  a cova len t  t r i p l e  bond p l u s  a coordinate 
cova len t  bond d i r e c t e d  from oxygen t o  carbon. I n  a d d i t i o n  each o f  the two 
atoms h a s  an  unbonded e l e c t r o n  p a i r  capable  of  bonding t o  a Lewis acid such 
as t h e  me ta l  s u r f a c e .  One would p o s t u l a t e  t h e r e f o r e  t h a t  e i t h e r  atom could 
bond t o  t h e  s u r f a c e ,  a l though expe r imen ta l ly  i t  i s  found t h a t  the  carbon 
bonds t o  t h e  N i  s u r f a c e .  Table  11 summarizes t h e  EHMO energy ca lcu la t ions  
comparing them w i t h  o t h e r  t h e o r e t i c a l  c a l c u l a t i o n s  and exper imenta l  x e s u l t s .  
The EHMO c a l c u l a t i o n  y i e l d s  a much t i g h t e r  b ind ing  f o r  t h e  
CO molecule  normal t o  t h e  s u r f a c e  ( c o n f i g u r a t i o n s  I and 11)  w i th  the carbon 
n e a r e s t  t h e  s u r f a c e  compared w i t h  t h e  oxygen n e a r e s t  t h e  s u r f a c e  (111) 
the molecule i n  t h e  p l a n e  of che s u r f a c e  ( I V ) .  This is  i n  accord with 
expe r imen ta l  o b s e r v a t i o n s .  
I V .  PREFERRED SITE LOCATION AND SURFACE MOBILITY 
Previous  r e p o r t s  on t h e  p r e f e r r e d  s i t e  l o c a t i o n  of  CO on N i  are not 
f u l l y  i n  agreement. However, most d e f i n i t e l y  it i s  c o n f i g u r a t i o n  1 o r  IE 
o r  p o s s i b l y  a combination of  t h e  two. Degras found t h a t  t h e  b r i d g e  slee (11) 
14  -2 
was  dominate; cover ing  approximately 6 x 10 cm sites o f  t h e  810> 
s u r f a c e  w i t h  a bonding energy of 1.98 eV.  Pa rk  and ~arnsworrh' '  found ehar 
t h e  <I003 s u r f a c e  favored  b r i d g e  bonding (11) and t h e  <110> s u r f a c e  falrored 
11 
s i n g l e  bonding ( I ) .  Den Besten e t  a l .  r e p o r t  t h a t  bo th  t h e  b r idged  and 
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t h e  s i n g l e  s i t e s  absorbed wi th  a s t r o n g  bond. T h e i r  magneti7:ation-vo9ume 
i so the rm r e s u l t s  a r e  i n  agreement w i th  t h e  i n f r a r e d  s t u d i c s  o f  Yntes and 
Garland. K l i e r  e t  al.13 found l i t t l e  d i f f e r e n c e  between CO adsorption 
energy on t h e  < loo>  and <110> N i  s u r f a c e s .  Both s u r f a c e s  bond with about  
1.1 eV. 
Eischens and h i s  co-workers 14'15 r e p o r t  t h a t  bo th  s i n g l e  and b r i d g e d  
s i t e  absorp, t ion occurs  w i t h  r e l a t i v e  amounts o f  each depenient  C);i  the ~ ~ a t u r e  
Lb  
o f  t h e  suppor t  and t h e  s u r f a c e  coverage. Brennan and Hayes al.so repast 
t h a t  bo th  s i n g l e  and b r i d g e  si tes adsorb w i t h  an  energy of about 1 . 6  eV, 
Using t h e  EHMO technique  we c a l c u l a t e  a b ind ing  energy of  2.53 eV 
f o r  t h e  b r idged  CO and 2.37 eV f o r  t h e  s i n g l e  bond. This  inclicates that 
w h i l e  t h e  b r i d g e  s i t e  is  p r e f e r r e d  (by 0.17 eV) t h e  small difference i n  
energy between t h e  two s i t e s  would make t h e  two s i t e s  competet ive an2 
hence b o t h  should  be observed. The magnitude of t h e  EHMO c a l c u l a t e d  bonds 
compares reasonably  w e l l  w i t h  t h e  exper imenta l  v a l u e s  of  1 . 9 8 ,  1,8 and 1.1 eV 
:-eported by v a r i o u s  r e s e a r c h e r s .  ~ r i m l e ~ ,  l7u s i n g  Hartree-Fock perturba- 
t i o n  methods, c a l c u l a t e d  2.2 eV f o r  t h e  s i n g l e  bond. 
A c l o s e r  examinat ion of t h e  bonding e n e r g i e s  r e v e a l s  t h a t  the preferred 
s i t e  i s  n o t  symmetr ica l ly  l o c a t e d  between two N i  atoms, b u t  i s  r a t h e r  somewhat 
off of t h e  c e n t e r .  The bonding t o  t h e  two N i  atoms i s  n o t  t h e  same; being 
s t r o n g e r  t o  t h e  c l o s e s t  atom. The CO bonding energy curve  (F igure  2 )  shows 
t h a t  two sha l low energy w e l l s  e x i s t .  It i s  l i k e l y  t h a t  t h e  CO molecule i s  
l o c a t e d  a t  t h e  s i t e  cor responding  t o  one o r  t h e  o t h e r  of t h e  t w o  p o t e n t i a l  
w e l l s  and i s  i n  r a p i d  thermal  f l u c t u a t i o n  due t o  t h e  low b a r r i e r  between then ,  
T h i s  f l u c t u a t i o n  ( t au tomiza t ion )  i s  known t o  occur  i n  o t h e r  sysl, +pms such  as the 
en01 form of 2 , 4  pentsndlone shown below. 
The CO t au tomiza t ion  would be  
,I' \ 
N i N i  Ni-Ni . 
There i s  a b a r r i e r  of 0.05 eV t o  t h i s  f l u c t u a t i o n .  
Su r face  m o b i l i t y  should  a l s o  b e  h i g h  s i n c e  a b a r r i e r  of  on ly  0,2 eV 
s e p a r a t e s  b r i g i n g  s i t e s .  This  is  i n  accord  w i t h  exper imenta l  obse rva t ions .  13 
V. SURFACE COVERAGE 
The s u r f a c e  coverage of tLe <loo> f a c e  of  N i  was inves t iga t :ed  by 
p l a c i n g  two o r  t h r e e  b r i d g e  bonded CO molecules  on an  e i g h t  atom surface 
as shown i n  F igu re  3.  The CO placements s i m u l a t e  a random o r  c r i s s - c r o s s  
d i s t r i b u t i o n  of non-touching CO molecules  (a) ,  rows of  non-touching mole- 
c u l e s  ( b ) ,  and two types  of a l t e r n a t i n g  rows of  touching  molecules ,  (c) 
and (d) .  Arrangement (a)  was found t o  be  e n e r g e t i c a l l y  most f avo rab le  by 
- 3.50 eV, fol lowed by arrangement (b) - 2.28 eV and arrangement (c)  - 0,95 eV 
For convenience, arrangement (d) is used a s  a r e f e r e n c e ,  i.e., z e r o  ecergy ,  
The t o t a l  system energy of arrangement (b)  has  been a d j u s t e d  by the  energy 
of  one f r e e  CO mo?ccule i n  o r d e r  t o  compare t h i s  two molecule arrangement 
w i t h  t h e  t h r e e  molecule arrangement.  
I n  a d d i t i o n ,  t h e  average CO molecu1.e b ind ing  energy of arrangement 
(a) i s  2.68 e V / C O  molecule which compares q u i t e  w e l l  w i th  t h e  single 
molecule b r i d g e  bond s t r e n g t h  of 2.57 e V .  The o t h e r  arrangements have mush 
iower  average  b inding  ene rg i e s :  (b) - 2.06 eV, (c) - 1 .23  eV and (d )  
- 0.92 eV.  
For  t h e  b r i d g e  bonded molecules ,  t h e  above d a t a  indicates  hat a randor: 
d i s t r i b u t i o n  of  non-touching molecules  i s  t h e  most probable  arrzr:gerncr~t- 
This  g i v e s  a s a t u r a t e d  coverage o f  one CO molecule  f o r  each two I J i  surface  
atoms, which i s  i n  agreement w i t h  experiment .  9 
V I  . DISPROPORTIONATION 
Various a u t h o r s ,  l l , L 8  have r e p o r t e d  t h a t  on deso rp t ion  from a nickel 
s u r f a c e  a t  e l e v a t e d  tempera tures ,  some carbon monoxide d i s p r o p o r t i o n a t e s  t o  
CO and C. Th i s  p roces s  a p p a r e n t l y  competes w i t h  d i s o r p t i o n  t o  the 2 
e x t e n t  t h a t  t h e  atmosphere above a h o t  n i c k e l  s u r f a c e  may Kave 25X of  the 
carbon p r e s e n t  a s  CO Seve ra l  mechanisms may be  e a s i l y  env2.sioned f o r  this 2 
r e a c t i o n  ranging  from an a t t a c k  by gaseous CO on adsorbed CO fo l lowing  a 
Bonhoeffer  and Farkas t y p e  mechanism t o  a R i d e a l  mechanism where a CO dis- 
s o c i a t e s  i n t o  adatoms and t h e  oxygen is  p icked  up by an  a d j a c e n t  adsorbed C0. 
We have made c a l c u l a t i o n s  f o r  t h e  f i r s t  s t e p  of  t h e  l a t t e r  r e a c t i o n ;  t h e  
d i s s o c i a t i o n  of CO on t h e  s u r f a c e  i n t o  adatoms. 
The r e s u l t s  a r e  shown i n  F igure  4 which g i v e s  t h e  energy f o r  a b r i d g e  
CO molecule  i n  t h e  v e r t i c a l  p o s i t i o n ,  t h e  CO molecule  t i l t e d  t o  t h e  s lde ,  and 
t h e  h o r i z o n t a l  CO w i t h  normal t o  tw ice  t h e  normal bond l e n g t h .  It is seen 
that t h e r e  i s  a bsrrier of  1.23 eV t o  changing the  CO o r i e n t a t i o n  from 
v e r t i c a l  t o  h o r i z o n t a l  b u t  once h o r i z o n t a l ,  t he  s e p a r a t i o n  of C and 0 i s  
exothermic.  
The extended Huckel energy c a l c u l a t i o n s  p re sen ted  h e r e  c o r r e c t l y  
p r e d i c t e d  t h e  p r e f e r r e d  o r i e n t a t i o n  and s i t e  l o c a t i o n  of  CO on Ni, The 
b ind ing  energy magnitudes were a l s o  i n  good agreement w i t h  t h e  exper i -  
men ta l ly  observed va lues .  The conf i rmat ion  g iven  by t h e s e  c a l c u l a t i o n s  are 
convincing ev idence  f o r  t h e  v a l i d i t y  o f  t h e  EHMO technique  a p p l i e d  t o  
chemisorpt ion.  Our more d e t a i l e d  c a l c u l a t i o n s  p rov ide  i n s i g h t  i n t o  the nature 
of t h e  a d s o r p t i o n  s i t e s  and s u r f a c e  coverage t h a t  cannot b e  obta ined  
exper imenta l ly .  
TABLE I. Valence-state,ionization potent ials  and o r b i t a l  
parameters forethe EHMO calculations.  
A t  om Orbi tal  R z Wii Q'v) 
--- 
TABLE I1 
Conf igura t ion  
2.39 e V  
P r e f e r r e d  
Or i en t  a- 
t i o n  
2.52 e V  
P r e f e r r e d  
Or i en t  a- 
t i o n  and 
S i t e  
' Other  
T h e o r e t i c a l  Expcrinental 
. I 7  eV [9] 
PreEe r red  
Orden t a- 
e ion 
2.20 e V  ke98 E.?V [94 
1,8 eV [EQj 
Pal eP! El39 
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FIGURE CAPTIONS 
Figure  1. The Lowden charge d i s t r i b u t i o n  on a 1 5  atom <1002surEace of M i  
0 
w i t h  one CO molecule l o c a t e d  1.75 A above t h e  stii-Zzce, 
F igu re  2. Energy contour  f o r  a  v e r t i c a l l y  o r i e n t e d  CO mol-ecr~le wi th  
0 
t h e  carbon atom 1.75 A above t h e  s u r f  ace.  
F igu re  3. Four arrangements of b r i d g e  bonded CO molecules  on an 8 Ni 
atom s u r f a c e .  The e n e r g i e s  are r e l a t i v e  t o  arrangeineat ( d ) .  
F igu re  4.  P o s s i b l e  d i s p r o p o r t i o n a t i o n  pa th .  V e r t i c a l  b r i d g e  bond +- 
t i l t e d  +- h o r i z o n t a l  -t h o r i z o n t a l  w i t h  s t r e t c h e d  bond* 

POSITION OF' CO MOLECULE -- 
0 3 - 5 0  e l l  
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